Children with a shunt for hydrocephalus often undergo multiple follow-up head CT scans, increasing the risk for long-term effects of ionizing radiation. The purpose of our study was to evaluate if an unenhanced low-dose head CT could consistently provide acceptable image quality and diagnostic information.
A ny imbalance in the production or resorption of CSF results in hydrocephalus. Surgical diversion of CSF via a ventriculoperitoneal (VP) shunt is the preferred method of treatment in most cases. More than 125,000 VP shunting procedures are performed every year in the United States. 1 Radiologic evaluation is an essential component of pretreatment evaluation and postprocedural follow-up. Imaging studies are often used to assess the integrity of the shunt system, assess change in ventricular size, and identify any shunt-related complications. 2 CT is often the preferred technique because of its wide availability, ease of use, and brief imaging time. However, the foremost concern with increasing use of repeated CT studies in such patients is the associated dose of ionizing radiation and consequent potential risk of developing cancer later in life. 3, 4 Multiple factors including increased sensitivity of growing tissues to ionizing radiation, small cross-sectional area in children, and long latent period of oncogenic effects of ionizing radiation contribute to a more pronounced effect of ionizing radiation in children than in adults. 5, 6 Steps to minimize the risk for potential long-term complications of ionizing radiation are therefore particularly relevant in children undergoing multiple follow-up CT scans. An arbitrary reduction in ionizing radiation may result in significant deterioration of image quality and may render CT studies clinically unacceptable. Low-dose CT protocols should attempt to balance image quality with radiation dose savings. Previous studies have shown the usefulness of low-dose CT protocols in the evaluation of pathologic processes throughout the body. [7] [8] [9] [10] [11] [12] The purpose of our study was to evaluate if a low-dose follow-up head CT study could provide relevant information in children with a VP shunt for hydrocephalus while maintaining acceptable image quality.
Materials and Methods
Our institutional review board approved this study, with waiver of informed consent. All CT examinations included in this study were performed as standard of care, and the results were retrospectively reviewed. The study protocol was in compliance with the Health Insurance Portability and Accountability Act.
Patient Group
Ninety-two consecutive subjects who underwent noncontrast head CT studies at our institution from April 2004 to August 2006 were included in this study. All subjects had VP shunting surgery performed to relieve intracranial pressure from hydrocephalus. The patients were referred to our department for routine follow-up CT to confirm absence of any shunt complications because these may not be clinically apparent in children with developmental delay. We incorporated low-dose CT scans in our routine scanning protocol in this specific patient population in an attempt to limit radiation dose yet retain pertinent diagnostic information. All subjects included in our study had 1 or more standard-dose (220 mA) unenhanced head CT scans as part of follow-up, before our present low-dose study. None of the patients in our study exhibited obvious clinical signs or symptoms of shunt malfunction. When such symptoms were present, those subjects were not included in our study, and a standard-dose head CT scan was performed.
Scan Protocol
All CT studies were performed on a 4-channel multidetector row CT (MDCT) scanner (LightSpeed QXi; GE Healthcare, Milwaukee, Wis). We performed a conventional standard-dose scan using the following parameters: tube current of 220 mA; 1-second gantry rotation time (tube current-time product of 220 mAs), 120 kVp; and 10-mm section thickness at 10-mm intersection distance. Scan parameters for low-dose CT studies remained the same except for tube current. A lower tube current of 80 mA was used for low-dose CT studies. Lowdose studies were performed in subjects who had a previous normal dose unenhanced CT.
CT Radiation Dose
The weighted average CT dose index (CTDIw) of a single CT section at 220 mAs and 80 mAs was calculated. The dose length products (DLP) were calculated from CTDIw and number of CT images. A constant region-specific normalized effective dose value was used (0.0023 mSv mGy Ϫ1 cm Ϫ1 ) to estimate effective doses from DLP.
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Image Interpretation
A total of 184 head CT scans (average number of images per scan, 16) were independently and retrospectively evaluated by 2 board-certified subspecialty radiologists on a digital PACS workstation (Centricity; GE Healthcare). The scans were randomized so that both readers initially evaluated either a high-dose or a low-dose study. The second study of each subject was evaluated after an interval of at least 2 weeks to eliminate potential recall bias. In addition, both readers were blinded to patient information and scan parameters. The only information available to both readers was that all subjects had VP shunting surgery for hydrocephalus. After statistical analysis, any significant differences in image quality parameters evaluated by the 2 readers were reevaluated by both readers to reach a consensus opinion.
Image Quality Evaluation
Both readers graded image quality parameters including noise, diagnostic acceptability (both on a 5-point scale: 1, unacceptable; 2, suboptimal; 3, average; 4, good; and 5, excellent), gray-white differentiation (scale of 3: 1, unacceptable; 2, suboptimal; 3, acceptable), sharpness of subarachnoid space margins (scale of 3: 1, obscured and unacceptable; 2, suboptimal; 3, well-defined), visualization of posterior fossa structures (scale of 3: 1, poor and unacceptable; 2, suboptimal; 3 good), streak artifacts (scale of 3: 1, present and affecting diagnosis; 2, present but not affecting diagnosis (suboptimal); 3, absent), and need for further imaging (scale of 3: 1, definitely indicated; 2, possibly indicated (suboptimal); 3, not indicated). Image noise and diagnostic acceptability were considered acceptable when they were graded as 2 and above. Interpreting radiologists performed initial review of all images at preselected standardized window level and width. Diagnostic acceptability was graded as acceptable when the sharpness of ventricular outlines, tissue contrast, and shunt visualization were satisfactory; unacceptable when these image characteristics were unsatisfactory; and excellent when these imaging characteristics were equivalent to a high image quality standard-dose unenhanced head CT. Additional imaging studies were requested when imaging characteristics were unsatisfactory or when a lesion detected on CT studies needed further characterization with use of higher-dose, contrast-enhanced CT, or MR imaging. Streak artifacts were considered significant only when they were not produced by external factors including metallic artifacts.
Quantitative Parameters of Image Quality
One of the authors (U.U.) experienced in quantitative analysis of CT examinations performed the quantitative portion of the image analysis. A minimum of 4 regions of interest (ROIs) of the same size (4 mm 2 ) were placed in identical locations for each pair of images in each patient, and attenuation coefficients were measured. The ROIs were placed in gray matter (GM) and white matter (WM) in selected supratentorial (centrum semiovale), and infratentorial (cerebellar parenchyma) regions, with particular attention paid to avoid inclusion of adjacent nonparenchymal structures (sulci, cisterns, and blood vessels) in the ROI to avoid partial volume effects. Density values (Hounsfield Units [HU]) for gray and white matter were averaged in standard-dose and low-dose scans for comparison and statistical evaluation. Noise was measured as SD in HU within the ROI selected. We calculated GM conspicuity and contrast-to-noise ratio (CNR) using the standard equations ( 14,15 ):
*SD is the standard deviation of HU
Statistical Evaluation
We performed statistical evaluation of the data using commercially available statistical software (SAS Institute, Cary, NC). The Hotelling T-square statistic was used to test the mean differences for several variables describing different measurements of image quality acquired by the use of 2 different radiation doses in CT. The Hotelling T-square statistic is a generalization of the Student t statistic that is used in multivariate hypothesis testing to evaluate the differences between the mean values of 2 groups. The null hypothesis is that the vector of means of several variables does not differ between 2 groups. We used multivariate analysis of variance to test for differences in radiation dose for each of the individual variables. In the case of 2 groups, all of the statistics are equivalent, and the test reduces to Hotelling T-square. We used the standard Student t test to analyze quantitative parameters. We determined the degree of interobserver concordance by calculating the percentage of agreement between both readers. A P value less than .05 was considered statistically significant.
Results
There were 92 subjects included in our study with a mean age of 9 years (range, 8 -21 years; SD, 3.4 years). There were 45 male and 47 female subjects in our study.
CT Radiation Dose
The weighted average CTDIw of a single CT section at 80 mAs and 220 mAs were 15.5 mGy and 43.4 mGy, respectively. Lowdose CT scans performed at 80 mAs (DLP, 252.8 mGyCm;
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effective dose, 0.58 mSv) resulted in a reduction of 63.4% in effective radiation dose compared with scans at 220 mAs (DLP, 695.1 mGyCm; effective dose, 1.6 mSv).
Image Quality and Adequacy for Diagnosis
None of the standard-dose and low-dose head CT studies were rated diagnostically unacceptable (score of 1) by either reader (Fig 1) . However, low-dose CT studies produced more suboptimal images (15 for reader 1 and 6 for reader 2) compared with standard-dose CT examinations (2 for reader 1 and 5 for reader 2) as per ratings by the 2 respective readers; this difference was significant for both readers (P ϭ .0002 and P ϭ .0003 for readers 1 and 2, respectively). Summaries of assessment of image quality by each reader are provided in On-line Tables 1  and 2 . Mode (most frequently occurring score of image quality assessment) is considered a better indicator of frequency distribution than mean or median in ordinal data such as image quality scoring in our study. The modal score of image quality evaluation by both readers for all image parameters was 3 (corresponding to acceptable diagnostic quality). Significant differences were detected between the 2 radiation doses for all image quality variables except for streak artifacts (P ϭ .4695 and P ϭ .5680) and need for further imaging (P ϭ .4724 and P ϭ .5723) for readers 1 and 2, respectively. Other image quality parameters for standard-dose CT were significantly better than those of low-dose CT scan (P Ͻ .05). There was moderate to excellent interobserver agreement in the assessment of various image quality parameters (65%-99%)
Quantitative Evaluation
Analysis of attenuation characteristics of GM and WM did not reveal any significant difference in HU values between the studies performed at 220 mAs (33.7 and 25.9 HU) and 80 mA (34.7 and 25.7 HU) (P ϭ .10 and P ϭ .80) (Fig 2) . However, mean GM conspicuity was significantly different for the 220 and 80 mA studies (0.33 Ϯ 0.11, 0.31 Ϯ 0.09; P ϭ .003). As expected, the mean GM and WM noises were significantly higher (P ϭ .0001 and P ϭ .001) with scans at 80 mAs (3.7 and 3.6 HU) compared with scans at 220 mA (2.2 and 2.0 HU). CNR was significantly higher (P Ͻ .001) for higher-dose studies than that of low-dose CT studies; the mean CNR for studies at 80 mAs (0.72 Ϯ 0.04) was approximately 60% less than that of scans at 220 mAs (1.84 Ϯ 0.11).
Discussion
The risk of developing ionizing radiationinduced cancer is higher in the pediatric age group compared with adults. The combination of higher dose of ionizing radiation and increased lifetime risk for ionizing radiation-induced carcinogenesis in children results in significantly increased risks for lifetime cancer mortality compared with adults. 10, 16 Although pediatric CT examinations still constitute a small fraction of the overall number of CT examinations performed, recent advances in CT technology have exponentially increased the number of pediatric CT examinations.
11 Current CT scanners offer faster scanning techniques that result in reduced need for sedation. 17, 18 These scanners also facilitate more practical examinations in younger, sicker, and uncooperative children, thus contributing to an increasing number of CT studies and hence the potential for the cumulative effects of ionizing radiation. The burden of increased ionizing radiation is particularly important in children undergoing multiple follow-up scans for chronic or complex disorders (hydrocephalus, tumors, trauma, and vascular disease) and to assess the impact of management strategies. In an ideal setting, CT examinations that are properly performed in children should expose children to much lower doses of ionizing radiation than for the same procedure in an adult. Our study shows the usefulness of a low-dose head CT protocol in the evaluation of patients after placement of a VP shunt.
In pediatric neuroradiology, it is not uncommon for children with VP shunts to undergo multiple follow-up CT scans to assess the patency of the shunt and to assess any complications. Although initial scans may focus on finding abnormal pathologies, subsequent scans are usually oriented toward evaluation of the shunt, determination of stability of ventricular size, and identification of related complications. We evaluated the utility of a lower-dose head CT scan protocol using a lower tube current-time product for follow-up studies. Our study shows that diagnostically acceptable image quality could be maintained at 80 mAs with significant reduction in ionizing radiation. The low-dose CT protocol (80 mAs) in our study resulted in a savings of ionizing radiation of approximately 63% compared with standard-dose studies (220 mAs). As shown in previous studies, the overall risk for ionizing radiation-induced cancer is dependent on tube current-time product (in mA-seconds) and frequency of CT scans in children. 16, 19 Low-dose CT studies resulted in an effective radiation dose of 0.58 mSv, which is comparable with diagnostic radiation reference levels for skull anteroposterior (0.54 mSv) and lateral (0.35 mSv) x-rays. 20 Recent technologic advances in MDCT scanners combined with ultra-low-dose protocols may result in radiation doses comparable with standard Fig 1. A,B , Diagnostic acceptability of low-dose CT studies. Standard-dose (A) and low-dose (B) head CT studies were obtained in a 16-year-old male adolescent at an interval of 8 months and were rated as good (grade 4) by both readers. skull x-rays. However, additional studies are warranted to maximize the effect of these protocols and balance the image quality with dose savings.
Although low-dose studies resulted in more images with suboptimal image quality compared with standard-dose CT scans, both readers rated all images as diagnostically acceptable. Statistical evaluation of image quality parameters showed significantly better scores for most standard-dose scans. It is more important that both readers did not recommend further imaging in any of the cases despite the differences in image quality. Results of our study conform to a previous one performed on adult patients by Mullins et al 15 that compared the image quality of head CT scans at 90 mAs with those at 170 mAs and rated all low-dose images as diagnostically acceptable despite the moderately increased noise levels. Results of visual image quality ratings, CNR, and noise levels obtained in our study were comparable with those in the study by Mullins et al. 15 Various technical modifications in CT scanners can result in substantial savings of radiation doses. Altering tube current is a commonly adopted strategy because ionizing radiation has a direct linear relationship with mA. 21 However, alterations in tube potential (kV), pitch (in helical scanners), and section thickness can also contribute to dose savings. Bow-tie filtration and automatic tube current modulation are techniques in MDCT scanners used to reduce the effective ionizing radiation received to the organ being scanned. Substantial dose savings have been reported with routine use of these techniques on CT of the abdomen, chest, and neck. [22] [23] [24] Significant dose savings have also been reported in MDCT of the extremities in children with automatic tube current modulation techniques. 25 Cohnen et al 26 assessed the changes in image quality in reduced doses of head CT scans by lowering both mA and kV in cadavers and achieved a dose reduction of up to 40% without loss of diagnostic image quality. However, assessing the effect of low kVp on image quality was not within the purview of our study, but low kVp may also result in significant dose savings without altering image quality, and we believe that this topic may particularly benefit from additional investigations.
The most important limiting factor of studies at low mA is the associated high noise. Low-dose CT scans in our study showed a significant increase in image noise compared with standard-dose studies based on visual reading by the 2 radiologists (P Ͻ .01) and measured noise in GM and WM (P Ͻ .01). Improving the noise levels in studies at low mAs may result in implementation of similar protocols in other regions of the body. Image noise at a setting of low mAs may seem exaggerated if viewed at the same window level settings compared with the standard protocol images. This shortcoming could be overcome by increasing the window width by the same factor as the noise increase. This would produce a similar visual appearance in the gray-scale image as with the lower noise at the settings at higher mA. Noise reduction filters can also help reduce image noise and may represent another tool to render lower-dose scans acceptable for clinical use. These filters, when applied to low-dose CT studies, work on the principle of filtering pixels representing nonstructural data from pixels representing structures of interest in images. 27, 28 There were a few limitations to our study. One was that the standard-dose and low-dose CT scans in our study were not concurrently acquired. Simultaneous acquisition of both scans would have enabled more accurate comparison of image quality parameters. Standard-dose CT scan would also have served as a reference standard against which the diagnostic quality and imaging findings of low-dose scans could easily have been assessed. Because our study group consisted mostly of young children and therefore a consequent higher risk for ionizing radiation, we did not subject these patients to additional scanning. Also, because the purpose of our study was to assess the relative usefulness of low-dose studies in follow-up of positioning of the shunt and associated complications, a direct comparison with high dose scan was outside the scope of our study. Another limitation of our study was the ability of both readers to recognize low-dose studies from standarddose scans during the retrospective review. Although both readers were blinded to the technical details of each image, higher noise levels on images at 80 mAs made them stand out and could have affected the overall scoring pattern of image quality. CT scanning with reduced mAs may limit the ability to detect low-contrast 29 or tiny lesions, especially those in the posterior fossa. Evaluation of the effect of low-dose head CT scan in the detection of tiny lesions was also not part of our study. In addition, we did not evaluate alternate techniques that do not involve radiation to evaluate these patients. Cranial sonography in the first few months of life and faster MR imaging techniques could serve as practical alternatives to CT .   Fig 2. A,B , Attenuation characteristics of standard-dose and low-dose head CT studies in a 7-year-old girl with a shunt for hydrocephalus. (A) Transverse standard-dose supraventricular CT image with sample ROIs (white circles) showed GM and WM attenuations of 31.6 HU and 25.6 HU, respectively, with noise (SD, HU within ROI) levels of 1.6 HU and 1.8 HU. Low-dose image (B) showed no significant change in attenuation (30.6 HU and 26.8 HU) despite increased noise levels (4.3 HU and 2.8 HU). CNR of standard-dose CT (1.88) was significantly higher (P Ͻ .01) than that of low-dose CT (0.47). However, both readers ranked standard-dose (grade 4) and low-dose (grade 3) studies as diagnostically acceptable.
Conclusion
Increased doses of ionizing radiation are a serious concern in children with a shunt for hydrocephalus requiring multiple follow-up head CT examinations. A low-dose head CT protocol for such patients resulted in diagnostically acceptable images with reduction in radiation dose of approximately 63%. Although image quality ratings of a low-dose-study were lower than those of standard-dose scans, the quality of images was adequate for the assessment of ventricular volume and shunt patency. Our study shows that a low-dose head CT is an acceptable technique to replace standard-dose CT in pediatric patients undergoing follow-up scans of a shunt for hydrocephalus.
